Abstract-A novel decisive algorithm based on signal-to-interference power ratio estimation has been proposed to control the power transmission of the mobiles in a code-division multiple-access mobile radio system under multipath environment. A simple second-order equation, together with three different sets of measurement and power-control periods, is first used to predict the power gains of the channels. Based on the predicted power gains, five decision rules have been proposed to determine the powercontrol commands for the mobiles. The novel algorithm with the best prediction method and decision rule has been observed to accomplish a lower outage probability when compared with the conventional power-control algorithm with optimum power-control threshold.
Novel SIR-Estimation-Based Power Control in a CDMA Mobile Radio System Under Multipath Environment F. C. M. Lau, Member, IEEE, and W. M. Tam
Abstract-A novel decisive algorithm based on signal-to-interference power ratio estimation has been proposed to control the power transmission of the mobiles in a code-division multiple-access mobile radio system under multipath environment. A simple second-order equation, together with three different sets of measurement and power-control periods, is first used to predict the power gains of the channels. Based on the predicted power gains, five decision rules have been proposed to determine the powercontrol commands for the mobiles. The novel algorithm with the best prediction method and decision rule has been observed to accomplish a lower outage probability when compared with the conventional power-control algorithm with optimum power-control threshold.
Index Terms-Code division multiple access (CDMA), power control, signal-to-interference power ratio (SIR) estimation.
I. INTRODUCTION
I N A MOBILE communications environment, signal propagation is affected by path loss, shadowing, and multipath fading. Path loss and shadowing, which change comparatively slowly, exhibit reciprocity in the forward and reverse links. To combat such losses in the reverse link, each mobile will measure the averaged received power from the base station over a comparatively longer period of time. Then it adjusts its transmitted power inversely proportional to the averaged received power (open-loop power control) [1] , [2] . The multipath fading, on the other hand, varies very fast and can be very different for the forward and reverse links. To compensate for the multipath fading, the base station will first measure the averaged received signal strength or the averaged received signal-to-interference power ratio (SIR) for each mobile over a short time interval. The frequency at which the measurements are taken is higher than that of fast fading. Each measured value will then be compared with a preset value (power-control threshold) at the base station. If the measured value is higher than the threshold, the base station will issue a command to the mobile station requesting it to lower its transmission power in the next power-control period, and vice versa (closed-loop power control).
The choice of the power-control threshold, as can be predicted, plays a significant role in the performance of the system. In [3] and [4] , the effect of adjusting the threshold in a code-division multiple-access (CDMA) system has been studied. On the other hand, instead of using only the current received signal strength or SIR, the use of previous or even future predicted information to assist in determining the power-control command output shows an improvement in the system performance [5] , [6] . In this paper, we propose a novel reverse link power-control scheme, the power-control decisions of which are independent of the power-control threshold. Unlike conventional algorithms, which only consider the current received power or SIR, the new scheme makes use of the current and past information of the mobiles to predict future power gain due to channel variation and RAKE combining, and hence, future SIR.
II. POWER-CONTROL ALGORITHMS

A. Conventional Power-Control Algorithm
In the conventional closed-loop power-control algorithm, the base station measures the averaged received signal strength or the averaged SIR over the current power-control period and compares it with a preset power-control threshold. If the measured parameter is larger than the threshold, a command will be sent over the wireless channel, requesting the mobile to reduce its transmission power. Otherwise, the mobile will increase its power.
B. Novel Power-Control Algorithm
The novel closed-loop power-control model is shown in Fig. 1 . The upper part represents the base station, while the lower part represents the mobile. The signal of each mobile is assumed to be transmitted over four paths of equal strengths, and each of the paths undergoes independent Rayleigh fading. The shadowing and distance-dependent path loss are assumed to be perfectly compensated by the open-loop power control and are not considered here. At the receiving end, the signals are captured by a four-finger RAKE receiver and are combined using maximal ratio combining. Received powers of the mobiles are then fed to the "Channel Prediction and Power Control Decision" block. The block predicts the future channel variations and, based on these figures, determines whether each individual mobile should increment or decrement its transmitted power level in the next power-control period. Such commands are sent out to the mobiles. After receiving the command, the mobile will increment or decrement its power by the step size . Assume that , the transmitted power of the th mobile, is kept unchanged within the power-control period. At the base station, the averaged received power from the th mobile over a power-control period is given by (1) where is the power gain. As a result, the averaged received SIR for mobile over a power-control period can be obtained by SIR (2) where denotes the number of users in the cell and is the power gain of the user signal at receiver . Intracellular multiple-access interference is assumed to dominate the performance of the system, and hence, extracellular interference and noise are ignored in our study.
The outage probability for mobile is defined as the probability that the averaged SIR over the power-control interval falls below the required value, i.e., SIR SIR (3) where SIR is the required SIR given by SIR
represents the required bit-energy-to-interference ratio to achieve a prescribed bit error rate and is the processing gain of the spread signal. Hence, the average outage probability of the system can be obtained by using
To predict SIR over the next power-control period, it can be deduced from (2) that we must first predict ( ) over the next power-control period. Realizing that the measurement period and the power-control period need not be identical, we shall first discuss the prediction of over the next measurement period based on the measured values of over the current and past measurement periods. Suppose the previous ( to ) values are used to predict the next ( ). In the novel algorithm, we fit all previous values of into a second-order equation, i.e.,
(7) . . . (8) where , , and are chosen by the method of least squares [7] . Afterwards, is predicted using
In the prediction of over the next power-control period, three methods shown in Fig. 2(a) -(c) are proposed.
Method 1: If the measurement period and power-control period are identical and completely overlapped, i.e., and , then over the next power-control period is approximated by (10) Method 2: One approach to predict more accurately is to shorten the measurement period. When the measurement period for is reduced to , we get At time (or ), we have all the measured values to predict , which in turn will be used to predict . The second prediction, which is based on the first prediction, however, is not accurate. Hence, in this case, we predict simply using (11) Fig. 2 . Prediction methods.
Method 3:
The prediction can be relatively accurate when the measurement period is short. On the other hand, the measurement of , now averaged over a shorter period of time, becomes less accurate and fluctuates over a wider range, especially for mobiles at high speed. This will also affect the prediction of future power gain values. Hence, we restore the measurement period to be the same as the power-control period. However, the measurements are updated twice as frequently as the power-control period, as in Fig. 2(c) , i.e., , , and . Then over the next power-control period is equal to At time (or ), we have all the measured values to predict , which in turn will be used to predict . As in the previous case, the second prediction is not accurate. Hence, we predict using
After predicting all ( ), the base station can decide how to adjust the transmitted power of the mobiles. For each user, the mobile can either increase or decrease the power by one step size ( dB). Hence, there will be 2 possible sets of power-control command (cmd) for users in a cell. For each cmd set, ( for the next power-control period can be evaluated. Together with the predicted , SIR can be calculated using (2). Based on the SIR s, the base station can now choose an appropriate cmd set that satisfies a certain decision rule. Five decision rules have been proposed and are described below. 
Rule 1-Minimize the User SIRs with the Maximum Number of User SIRs
III. SIMULATION MODEL
1) The system is modeled as a direct-sequence CDMA binary phase-shift keying modulation system with a bit rate of kbps and carrier frequency GHz. The chip rate is
Mcps, and hence, the processing gain is . Gold code is used as the spreading code, and the length of the code sequence is 2 1. 2) There are six users in the cell. In each simulation, the mobile velocities of the users are uniformly distributed in one of the speed ranges: low velocity ( km/hr); medium velocity ( km/hr); and high velocity ( km/hr). 3) The signal of each mobile is assumed to be transmitted over four paths of equal strength. The time-delay difference between consecutive paths is , which is the chip duration. Moreover, each of the paths undergoes independent Rayleigh fading, which is generated using Jakes' model [8] . 4) Fast closed-loop power control based on SIR is applied.
The power-control command is single bit ("0" indicates an increase in the transmitted power; "1" indicates a decrease in the transmitted power), and the step size is fixed at 1 dB. 5) The dynamic range of the transmitted power is 80 dB ( 40 dB). Assuming that the transmitted power of each user is one unit (0 dB) at the beginning of the simulation, the transmitted power can then range from 10 to 10 units. . Outage probability versus (E =I ) for conventional power control using optimum threshold and novel power control for low-, medium-, and high-speed ranges.
6) The period of the fast closed-loop power-control scheme is ms (1600 Hz), which is 40 times of the bit duration ( ). For Methods 1 and 3, the measurement periods for the signal and the interference are both 40 . 7) In the conventional power-control scheme, for a given required , the outage probability of the system is simulated for various threshold values. The threshold value corresponding to the lowest outage probability is defined as the "optimum threshold." IV. RESULTS AND DISCUSSIONS Fig. 3(a) and (b) compares the outage probabilities when no power control, conventional power control with optimum threshold (CPCOT), and the proposed novel power control (NPC) scheme with decision rules are applied in prediction Methods 1 and 3. The range of the mobile speed is km/hr. The number of previous measurement periods used for prediction in Methods 1 and 3 are and , respectively. In Fig. 3(a) , it can be observed that among the five decision strategies, Rule 3 gives the best performance. Rule 3, moreover, provides a better performance than CPCOT for all . Rules 1, 2, and 4, however, perform worse than CPCOT. Fig. 3(b) shows the results again when prediction Method 3 is used. It can also be found that NPC using Rule 3 or 5 outperforms CPCOT. When Rule 2 or 4 is used, on the other hand, the performance becomes very close to that of the CPCOT. The figures also indicate that the outage probability using decision Rule 3 can be further improved when the prediction of the power gain is perfect. Fig. 4 (a) and (b) compares the outage probabilities when prediction Methods are used for low-and high-speed range mobiles. Decision Rule 3 is applied in NPC, and the optimum is used in the prediction. It can be observed from Fig. 4 (a) that when the mobile speed range is low, NPC always provides a better performance than CPCOT regardless of the prediction method used. The curves for Methods 2 and 3 are very close to each other, which are lower than that for Method 1. This is mainly due to a more accurate prediction of when the measured values are updated more frequently with appropriate measurement period. When the mobile speeds up to the range of high speed, simulation results, as in Fig. 4(b) , show that Method 3 performs better compared with Method 2, while Method 1 becomes unacceptable due to the inaccurate prediction. Fig. 5 compares the outage probabilities when the mobiles are in low-, medium-, and high-speed ranges. Method 3 and decision Rule 3 are used with the NPC. previous measurement periods have been used in the prediction method. For a low-speed range, there is about 0.7-dB gain at an outage probability of 10 . The gain increases to 1.1 dB at of 10 . When the mobiles are at medium or high-speed range, the improvement by using NPC is only about 0.5 dB at of 10 . Results also indicate that the outage probability is higher for mobile at higher speed. This is because the channel variation is difficult to be tracked when it changes very rapidly. Fig. 6 illustrates the outage probabilities versus the number of the measurement periods used for prediction. The required dB, and Method 3 with decision Rule 3 has been applied. It can be obtained from the graphs that the optimum values of for low-, medium-, and high-speed ranges are eight, six, and four, respectively, which implies that optimum decreases as the mobile speed increases. It is because for a mobile at high speed, the variation of the channel and, hence, is so fast that there will be less correlation between the next power gain and previous measurements.
V. CONCLUSION
In this paper, a novel SIR-estimation-based decisive algorithm has been proposed to control the power transmission of the mobiles in a CDMA mobile radio system. A simple second-order equation, together with three different sets of measurement and power-control periods, are first used to predict the power gains of the channels. Based on the predicted power gains, five decision rules have been proposed to determine the power-control commands for the mobiles. It has been found that regardless of the prediction method used and the speed range to which the mobile belongs, Rule 3, which maximizes the minimum SIR among all users, will give the best performance. Prediction Method 1, where the power-control period and measurement period are identical and synchronized, can only improve the performance of the system for mobiles at low-speed range. When the measurement period is half in Method 2, significant improvement is obtained at low-speed range. Method 3, which uses the same power-control and measurement periods but with a higher measurement update frequency, provides the best performance at all speed ranges. For low-, medium-, and high-speed ranges, the scheme using prediction Method 3 and decision Rule 3 has been found to reduce the outage probability significantly compared with the conventional power control with the optimum power-control threshold.
In our simulation, only a small number of users have been considered. When the number of users is increased, other decision rules may become more effective. Therefore, for a large load, the effectiveness of the five decision rules should be further investigated.
